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Selective serotonin receptor stimulation of the medial nucleus accumbens differentially affects appetitive motivation for food on a progressive ratio schedule of reinforcement.
The prevalence of obesity within the US has risen to approximately 33% [6] , costing an estimated 147 billion dollars a year in health management and over 11 billion dollars in lost productivity in the workplace [12, 36] . Treatment of obesity continues to be difficult, with the weight loss following traditional diet and exercise plans commonly being regained within a 5-year period [7, 24] . Although pharmacotherapies targeting weight loss have had limited efficacy, the most successful to date have been drugs that increase serotonin output in the central nervous system. However, those drugs that globally enhance central serotonergic tone and promote weight loss, such as fenfluramine-phentermine combination therapy or sibutramine hydrochloride, have also been associated with increased cardiovascular risk and therefore have not remained viable treatment options. Nevertheless, the pursuit of serotonin-based treatment for obesity continues to be of interest, particularly as drugs are developed that specifically target selective serotonin receptors (of which there are 14 known types) that may have the potential for promoting healthier body weight without deleterious side-effects [19, 33, 39] .
Serotonin signaling is known to affect feeding and satiety mechanisms due to its actions within the hypothalamus [8, 29] , which regulates food intake and satiety in response to peripheral signals indicating the presence or absence of sufficient energy stores. However, serotonin projections from the raphe nuclei also innervate brain pathways involved in the sensory and motivational processing of food stimuli. Recent evidence has demonstrated that serotonin receptor stimulation of hindbrain feeding circuitry or the nucleus accumbens affects food intakepatterns [20, 23, 28, 34, 40] . Given that the current obesity epidemic has been caused, at least in part, by the relative over-abundance of palatable, highly caloric foods that activate neural reward circuitry [4, 27] , it is of interest to understand how serotonergic signaling within sensory and motivational circuits may impact not only consummatory behavior, but also the appetitive motivation to seek out food.
Recently, we reported the effects of selective stimulation of 5-HT 6 , 5-HT 1/7 , and 5-HT 2C receptors of the anterior nucleus accumbens shell on the intake of rat chow in food-restricted rats and on the intake of a palatable, sweetened fat diet in animals that were not food-deprived [34] .
In both hungry and sated animals, stimulation of nucleus accumbens 5-HT 1/7 receptors dosedependently decreased food intake and locomotion, while stimulation of 5-HT 6 receptors had the opposite effect, enhancing intake of both rat chow and the sweetened fat diet in the respective animal groups. 5-HT 2C receptor stimulation had only modest effects on food intake; antagonism of 5-HT 6 , 5-HT 7 , and 5-HT 2C receptors were generally without effect. Those findings suggested that individual serotonin receptors of the nucleus accumbens shell have separable functional roles on the consummatory phases of food-directed motivation. The purpose of the present set of experiments was to expand the examination of these serotonin receptor classes of the nucleus accumbens into a behavioral task that assesses the appetitive phase of food motivation. To do this, three groups of rats were trained in a progressive ratio 2 task, and subsequently tested following selective stimulation of 5-HT 6 , 5-HT 1/7 , or 5-HT 2C receptors of the anterior medial nucleus accumbens.
All experiments were conducted in accordance to NIH animal care guidelines and were approved by the Wake Forest University Animal Care and Use Committee. Thirty adult male Sprague-Dawley rats (Harlan, Madison, WI) were acclimated to dual housing in a colony room maintained at ~21 °C with a 12-hr light-dark cycle. Following approximately one week of habituation to the laboratory environment and handling procedures, rats were slowly reduced to 90% of their ad libitum body weight.
Upon reaching their target weights, rats were habituated to standard operant chambers (Med Associates, St. Albans, VT) with three daily 30 min sessions of a random-time 30 sec (RT-30) reinforcement schedule, in which a sugar pellet was delivered to the food magazine approximately once every 30 sec. On the day following the final RT-30 session, two levers were extended into the chambers (one on each side of the food magazine). Presses on one lever were reinforced on a fixed ratio 1 (FR-1) schedule; presses on the opposite lever were never reinforced. Operant training proceeded for three sessions each on FR-1, FR-3, and FR-5 schedules of reinforcement, at which point all rats had achieved reliable responding on the active lever. On the day after the final FR-5 training session, rats were switched to a progressive ratio 2 (PR-2) schedule of reinforcement. In this schedule, the rat was reinforced for the first lever press and was then required to increase the number of responses by two lever presses for each subsequent pellet delivery. Thus, progressively more effort was required to earn each reinforcer.
The number of responses required in the final completed ratio is referred to as the break point, a well-validated measure reflecting the strength of the reinforcer and the motivational state of the animal [1, 22] . At the end of 7 days with the PR-2 schedule, all rats had achieved high levels of lever responding. Rats were then given free access to food in their home cages for 5-7 days prior to the placement of intracranial guide cannulas. Rats remained on ad libitum feeding for the remainder of the experiment.
Standard aseptic surgical procedures were used to implant indwelling stainless steel guide cannulas (23 gauge) bilaterally above the anterior medial nucleus accumbens (with the nose bar set at +5.0 mm above the interaural plane; 3.1 mm anterior and 1.0 mm lateral to bregma, 5.0 mm ventral to skull surface). This region of the nucleus accumbens was targeted for the following three reasons: 1) we have previously shown that serotonin receptor stimulation of this region affects food consumption [34] ; 2) both 5-HT 2C and 5-HT 6 receptors are expressed heavily in the anterior aspects of the nucleus accumbens shell [44] ; and 3) it has been shown to be functionally connected with hypothalamic feeding and motivational circuitry [42] .
After one week of recovery from surgery, rats were returned to the operant chambers, and the session length for the PR-2 schedule was increased to 1 hr. Once stable break points were achieved, rats were habituated to the microinjection procedure across two days. During the first mock infusion, injectors were lowered to the end of the guide cannula. On the second day, injectors were lowered 2.5 mm below the end of the guides into the medial nucleus accumbens.
No solutions were delivered on mock injection days. Experimental treatments for each group began 72 hrs after the last mock injection. Three groups of rats were tested, with each group receiving 3-4 doses of a selective 5-HT receptor agonist across multiple treatment days, the order of which was randomly determined for each rat. In Experiment 1, rats received nucleus accumbens infusions of the 5-HT 6 hydroxypropyl-β-cyclodextrin (Sigma). To maintain solubility, 5-CT drug solutions were pHbalanced to the saline vehicle and Ph levels of RO 60-0175 solutions were raised to ~7.0. The chosen concentrations for each serotonergic agent were based upon solubility and effective doses in other behavioral paradigms [11, 14, 34] . Each drug treatment was separated by at least 2 days of additional PR-2 training to stabilize baseline performance. When the experiments were completed, the rats were sacrificed and the location of the injection site was verified utilizing standard histological procedures. Four rats were excluded from final analysis due to misplacement of cannula tips or necrosis at the injection site.
Dependent measures included the number of bar presses on the active and inactive levers, the total number of reinforcers earned, and the last completed reinforcement ratio (break point).
Data from each experiment was analyzed using one-way repeated measures ANOVAs comparing the dependent measures across drug doses. Post-hoc analyses utilized Tukey's HSD, as appropriate. The goal of these experiments was to determine if selective serotonin receptor stimulation of the anterior medial nucleus accumbens, with treatments that had been previously shown to alter the consumption of freely available food, would also affect the effort that rats exert to earn sugar reinforcement on a PR-2 paradigm. Stimulation of both the 5-HT 6 and 5-HT 1/7 receptors altered progressive ratio performance, while activation of 5-HT 2C receptors had no effect on the effort rats exerted to earn sugar pellets. To our knowledge, these are the first data to report that serotonin receptors within the nucleus accumbens differentially regulate appetitive motivation for food reward.
The observed increase in break point following nucleus accumbens 5-HT 6 receptor stimulation is consistent with our prior findings that similar treatments augment food consumption in hungry rats offered rat chow and also in non-restricted rats given 2-hr access to a palatable diet [34] . 5-HT 6 receptors are distributed throughout the striatum [18, 37, 44] , and have recently received attention as a potential target for pharmacotherapies targeting weight maintenance and cognitive deficits [17, 31, 43] . Genetically engineered mice that lack a functional 5-HT 6 receptor gain less weight on a high-fat diet than wild-type mice [16] , suggesting an important role for the 5-HT 6 receptor for promoting food intake in the response to a palatable diet. However, the mechanisms underlying changes in food intake following 5-HT 6 receptor manipulations remain unclear. There is evidence that both 5-HT 6 receptor agonists and antagonists, when applied systemically, reduce food intake and body weight [13, 21, 46, 47] .
Further research will be needed to understand the locus and mechanisms of action of the systemic treatments. The current data suggest that 5-HT 6 receptors within the nucleus accumbens serve an important role in appetitive motivation for food reward.
The decrease in progressive ratio performance following the stimulation of 5-HT 1/7 receptors at the high (4.0 µg) dose of 5-CT was consistent with previously reported decreases in food intake and locomotor activity following similar injections. 5-CT was initially chosen for our experiments due to its known action for stimulating neuronal activity of striatal acetylcholine-containing interneurons at the 5-HT 7 receptor [5; also see discussion in 34].
However, in addition to its actions at the 5-HT 7 receptor, 5-CT also has strong affinity at the 5-HT 1-type receptors. That the lowest dose of 5-CT (0.5 µg/side) increased lever pressing was unexpected, and suggests the possibility that the different receptor classes that are stimulated by 5-CT may themselves serve differential roles in food-directed motivation. Systemically, 5-HT 1A and 5-HT 1B agonists alter food intake and shift feeding [9, 39] . Within the brain, activation of 5-HT 1B receptors in the parabrachial nucleus of the pons inhibit food intake [28, 40] . Furthermore, stimulation of 5-HT 1A receptors within the hypothalamus advance satiety processes [30] , although activation of 5-HT 1A autoreceptors in the raphe nuclei causes hyperphagia [2, 10] .
Ongoing experiments, utilizing more selective ligands, are required to determine if the motivation, feeding and locomotor effects observed following nucleus accumbens 5-CT treatment are separable by individual receptor type.
The stimulation of nucleus accumbens 5-HT 2C receptors had no effects on appetitive motivation for food as measured in this progressive ratio paradigm. This is interesting, given that intra-accumbens infusions of RO 60-0175 (at doses from 0.5 to 5.0 µg/side) are known to increase cocaine-induced locomotion, and enhance rats' discrimination of low doses of cocaine [11] . Dopamine release within the nucleus accumbens has been argued to be under the regulation of local 5-HT 2C receptors [32, 45, 48] . Dopamine has been heavily implicated in the signaling of incentive motivational processes, and dopamine receptor manipulations of nucleus accumbens circuitry regulate incentive motivation and effortful responding to achieve food reward [3, 27, 38] . It could be argued that 5-HT 2C activation of the nucleus accumbens might increase appetitive motivation due to actions on promoting dopamine output, but that was not observed here. The current data (in combination with a similar lack of effect in food consumption as previously reported) suggest that intra-accumbens 5-HT 2C receptor treatments that may be effective in modulating the behavioral effects of drugs of abuse may not have a significant impact on food-directed motivation, an important consideration in terms of deriving effective and specific pharmacotherapies targeted toward addiction.
The current experiments add to a growing literature that suggests that serotonergic signaling within the nucleus accumbens serves important and diverse roles in food-directed motivation [15, 23, 34, 35, 41] . Previous research has suggested that the hypophagic actions of systemic serotonergic agonists are primarily mediated by actions on hypothalamic circuitry involved in the homeostatic regulation of energy balance, with secondary actions on hindbrain circuitry involved in the sensory evaluation of foods [8, 20, 28, 29] . The nucleus accumbens, however, is a critical node in the evaluation of and direction of behavior towards rewards, whether they be natural (as in the case of food) or drug mediated (as in the case of drugs of abuse). Glutamate, dopamine, opioid, and acetylcholine signaling within the nucleus accumbens have been shown to be critical for regulating incentive motivational processes and the learning of operant responses to obtain food reward [3, [25] [26] [27] 38] . Little is yet known about the specific cellular distribution of individual serotonin receptors within striatum, or how they interface with the other neurotransmitters known to be involved in motivational processes [although see 44] .
As it becomes apparent that serotonergic mechanisms within brain reward circuits modulate both natural and drug-reinforced behaviors, it will become critical to characterize the interactions of serotonin receptors with other neurotransmitter receptor classes, from the level of neuroanatomical examination of receptor location to the modulation of cellular-and circuit-level signaling to the behavior of the whole animal. 
